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 Centrifugal rotating machines are suitable for piezoelectric energy harvesting. 
 Piezoelectric provides adequate energy for microprocessor and wireless transmitter. 
 5-stage Dickson Charge Pump increased piezoelectric voltage 74%. 
 Piezoelectric power during operation varies considerably with machine condition. 
 Autonomous condition monitoring is performed using pulse elapse time tracking. 
 
 














This paper presents a novel autonomous method for condition monitoring of rotating machines during 
operation based on radio frequency (RF) pulse transmission using energy harvesting from operational 
vibration. An energy harvesting unit is designed to generate and rectify the energy harvested from the 
machine vibration using Voltage Multiplier (VM) circuit and to store the energy into a capacitor. Then, 
this energy harvesting unit runs a smart system consisting of a microcontroller and the RF transmitter 
designed to send a pulse at specific capacitor voltage. A pulse-based condition monitoring approach is 
introduced which monitors the state of the machine during the operation. In order to estimate power 
output of the piezoelectric harvester for a realistic vibration signal, the Fourier Transform concept for 
signal decomposition is incorporated into the well-known electromechanical distributed parameter 
model. Using experimental data, performance of this autonomous condition monitoring system is tested 
for a water pump at different conditions. To do so, acceleration data from a centrifugal water pump are 
acquired with an accelerometer, which then decomposed into a series of harmonics using Fast Fourier 
Transform. Then using analytical distribute model, a bimorph energy harvester with two Piezoceramic 
layers is optimized to generate maximum power from the water pump vibration. Consequently, the 
condition monitoring of the water pump is performed using the presented pulse-based approach. 
Results of this study show that, the fault diagnosis can be performed autonomously by applying the 
pulse-based method presented in this work, and by using the piezoelectric harvesting device as an 
energy source. 
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1. Introduction 
Online condition monitoring (CM) of machines during operation is a key approach for reducing 
unscheduled downtime and maintenance cost during useful life. CM of rotary machines is one of the 
most successful and established method using so-called pattern recognition in time or spectra responses 
[1]. There are vast number of studies for CM using different measurement sensors, which record one 
response of system during operation, and applying different analyses on the recorded data, such as 
Fourier or Wavelet transforms. Regarding the connection type for sensors, contact and contactless 
sensors have been widely practiced for CM of rotating machines. For instance, accelerometer installed 
on bearing housing [2], accelerometer installed on machine outer case and current sensors on input 
wires [3], accelerometer installed on bearing housing for shaft [4] and accelerometer on outer case of a 
water pump [5] were employed for condition monitoring applications. In recent years, to overcome 
difficulties related to direct instrumentation of rotating components, some researchers applied non-
contact sensors for condition monitoring of rotating machines using K-Band Doppler radar [6], laser 











helped the direct instrumentation complexities, these methods still suffer from wiring, instrumentation 
complexities and battery-related problems. 
All the aforementioned approaches used conventional measurement methods which require wiring 
for sensors to transfer data to a control room. For an industrial plant that includes many rotating 
machines, the cost of wiring and regular inspection of wires and their connections will be considerable. 
To eliminate problems in conventional methods, e.g. wiring difficulties, setup implementation and 
immobility [9], an outline for machine condition monitoring was presented using wireless sensor 
networks (WSNs) [10]. Although WSNs improved common CM approaches, those that are powered 
with batteries suffer from short lifetime due to the battery lifespan [11]. In an attempt toward self-
powered CM methods, energy harvesting (EH) has emerged as a source of energy for powering 
batteries in CM applications [11].The energy harvesting has seen a worldwide growing attention in 
academic and industry during recently [12]. There are various methods to convert often-lost mechanical 
energy into electrical energy for motor or generator applications, including electromagnetic induction, 
electrostatic induction and the piezoelectric effect [13]. In the recent years, the number of studies 
considering energy harvesting for structural health monitoring is rapidly increasing [11]. Energy 
harvesting by piezoelectric materials provides higher energy density, and can be simply integrated into 
a system [13], [14]. 
Recently, smart materials as sensors for system operational condition and structural health 
monitoring were employed. In some cases, these smart materials also acted as transducers that generate 
voltage according to the sensed vibration. This concept was used for bridge condition monitoring under 
forced vibration by adopting piezoelectric energy harvester [15]. In cases, it has been demonstrated that 
these sensors can provide enough energy for themselves and, hence, can be regarded as self-powered 
sensors without the need for wiring [16], [17]. Moreover, in some studies, it was shown that a wireless 
connection can be powered by these self-powered sensors for transferring data or sending a pulse [18], 
[19]. In the research by Lim et al. [20], piezoelectric patches were installed on wind turbine blades to 
demonstrate that the patches can provide power for wireless connection from blade strain energy. In the 
existence of a structural imperfection or a fault in the system, introduced vibration on these smart 
materials will be different and, hence, this concept can be used for condition monitoring or structural 
health monitoring. In another study, Lim et al. [21] showed that, by analyzing the time of sending 
discrete signals between three blades, blade state can be monitored. Patange et al. [22] installed 
piezoelectric patches onto composite beams in defect-free and delaminated conditions to study output 
power from these patches under low-frequency vibration excitation. They showed that delaminated 











harvesting can be employed for health monitoring. However, they did not assess whether this energy 
output could be enough for running a self-powered system or how to manipulate output power 
differences in order to perform health monitoring. 
Most of state-of-the-art about fault detection and condition monitoring using smart materials presented 
only the feasibility of such systems and have not adequately focused on power management and system 
performance for self-powered condition monitoring. On the other hand, studies that focused on 
electrical power management for these self-powered systems have not presented appropriate condition 
monitoring approaches. In addition, in the self-powered condition monitoring systems, the design of 
vibration energy harvester and related optimization process, as a significant step, has not been 
addressed. Moreover, most of previous studies about self-powered CM were carried out for structural 
imperfections such as crack and delamination while there are, apart from the structural faults, some 
other faults that can occur in an operating machine. One study reported the use of harvested energy 
from an electromotor for transferring acceleration data through wireless connection [23]. In the 
presented study, all three essential sections for a vibration-based self-power condition monitoring, 
namely, the design of energy harvester, power management and condition monitoring approach, are 
addressed. To the best knowledge of the authors, such a study containing all these areas has not been 
presented. The presented study uses a new established method based on pulse timing for fault detection 
of a complex rotating system in conjunction with cantilever piezoelectric beam for generating electrical 
power, which is easy to integrate in the system. By applying the presented energy harvester and pulse 
timing method for CM, power and data-transfer wires are no longer necessary. This system can be 
integrated into an industrial production plant with many rotating machines in a cost effective manner. 
This study will contribute to the elimination of the need for expensive accelerometers, data acquisition 
unit with high sampling rate, sensor and equipment, which are typically being used for condition 
monitoring of high-speed rotary machines. 
A robust self-power system is proposed for remote condition monitoring in which elapsed times 
between RF transmissions are investigated. In this study, experimental data from a real operating water 
pump is used as self-vibration machine. Then, the vibration signals are considered as base excitation 
for a piezoelectric harvester beam. Afterwards, using a well-known analytical model based on 
distributed Euler beam theory, output power from a bimorph with an added tip mass is optimized for 
maximum power generation from the experimental vibration data. Lastly, a method for remote 
condition monitoring is established that is relied on pulse-sending times. In this framework, section 2 is 
dedicated to propose the condition monitoring approach in system level, the conceptual design of 











contributes to energy harvesting from piezoelectric direct effect. In section 3, the energy harvester 
model is developed to estimate the output voltage analytically from operational vibration using the 
Fourier Transform of real vibration signals. Section 4 is dedicated to the experimental test study with a 
primarily signal processing step for the experimental signals. Finally, results of the applying the 
proposed condition monitoring on the presented case study is presented in section 5. 
2. Autonomous remote condition monitoring 
The main objective of this study is to design an autonomous condition monitoring system capable of 
remote health monitoring for rotating machines during the operation. Therefore, at first, components of 
the system are selected based on requirements that should be met to achieve online condition 
monitoring. Then, these components are evaluated regarding power consumption which is followed by 
an assessment that shows the required energy for the condition monitoring can be provided by the 
energy harvesting device and, therefore, the system is autonomous. This studs introduces a novel 
method based on pulse transmission from RF technology for remote condition monitoring. The method 
relies on comparing the elapsed time between pulses from a continuous operation machine generating 
vibration during operation.  Since vibration is an unavoidable phenomena in operational machines, the 
focus for energy harvesting in this study is piezoelectric technology as the vibration of machines often 
contains high frequency harmonics. This section is dedicated to demonstrate such a system in terms of 
system design, power consumption, energy harvesting unit and pulse condition monitoring approach. 
2.1. System Design and Power Consumption 
According to the functionality of this novel CM approach, the system should comprise a harvesting 
unit to generate, rectify and store energy, a low-power microprocessor to control the signal emitting, 
and RF transmitting unit for sending a binary signal when microprocessor allows. The storage system 
should always maintain the energy for running microprocessor as well as providing the energy for RF 
transmitter when it is enabled. Microprocessor can be programmed to power RF circuits when the 
voltage in the storage reaches to a specific value. This signal transmitting will repeatedly continue after 
the harvested energy reaches to the defined value each time. If the level of acceleration changes, the 
harvested energy will be directly influenced and, consequently, the time of RF transmitting is altered. 
Furthermore, a Failure Index is introduced in this work, which is defined based on the elapsed time 
between signal transmissions in operation compared to values recorded in defect-free condition. The 












Fig. 1. The protocol for remote condition monitoring 
The units in the protocol Fig. 1, which consume energy, are microprocessor and RF transmitter. 
Among these, the RF transmitter only consumes energy when it is activated by the microprocessor for 
signal transmitting. On the other hand, the microprocessor needs a permanent energy supply through 
running. For this reason and to fulfill requirements for this CM method, the microprocessor should 
have low-power consumption, operate in low voltage, be capable to perform simple calculations and 
have at least one comparator. 
Microchip Technology Inc. [24] is a leading provider of low-power and high-speed flash technology 
microprocessors, which are appropriate selections for microprocessors in the wireless system design 
[19], [25]. PIC16F676 as an 8-bit microcontroller is selected for this system because of its low-power 
consumption, operating at low voltage and very low standby current of 1 nA.  It also has 1 comparator 
and 128 bytes of memory, which makes it suitable for programming with one checking condition. 
According to [26], this microcontroller  consumes 8.5 µA at typical 2.0 V during operating at 32 kHz. 
The RF module transmits the data from the Microprocessor when needed. The RF module stands in 
standby mode for the rest of cycle. The RF module in this work, RTFQ1P [27], is a 9.6 Kbps data 
transmitter with transmitting range up to 250 m with low-power consumption operating with 3.0 V 
supply voltage in the standby mode. This RF transmitter consumes 7 mA at 3.3 V voltage supply 
during the transmission of date and requires a maximum current of 100 nA in the standby mode [27]. 
2.2. Energy Harvesting Unit 
In this study, the piezoelectric based energy harvesting unit is responsible for providing continuous 
energy to run the microprocessor and RF transmitter request. The harvesting unit consists of an energy 
harvester, a harvesting circuit and storage system as shown in Fig. 1. The piezoelectric energy harvester 
is considered as the source of energy production from the machine vibration. The harvester is designed 
to generate adequate energy to power the remote condition monitoring system. This device should 
accommodate two critical goals. At first, it should have capability to generate enough electrical energy 











Secondly, this device should be designed to be sensitive to occurrence of faults. In many practical 
cases, the output voltage from the piezoelectric harvester is less than the input voltage required for 
running the electronic components. In addition, the generated voltage is an A.C. signal while the end-
users require D.C. Thus, it is essential to provide a circuit for voltage enhancement as well as 
converting the A.C. to D.C. In this work, therefore, the energy harvesting circuit provides power supply 
suitable for the end-users. The capacity of the capacitor in the energy harvesting unit plays an 
important role in the health monitoring. The energy capacity should be large enough to provide energy 
in order to guarantee the system operation. On the other hand, since the microprocessor can activate or 
deactivate the RF transmitter based on voltage level of the capacitor, the capacitor should be small 
enough to experience a sensible voltage drop due to a short RF transmission. Fig. 2 shows these 
components in the energy harvesting unit. 
There are different types of piezoelectric harvesters and harvester’s configuration generally depends 
to the nature of available load and its frequency. A typical piezoelectric energy harvester as shown in 
Fig. 2 is made of a bimorph harvester. This bimorph structure is made of a thin substructure shim 
(usually a metal helping for charge transferring) which is bracketed with two piezoelectric layers. 
Among piezoelectric harvesters, cantilever configuration is the most widely used option, especially for 
vibration energy harvesting from mechanical systems [13]. In addition, in some cases an added mass 
𝑚𝑎 is attached to the end of bimorph for frequency matching. This typical configuration is popular 
since, in a reasonably small volume, it delivers higher power density [13]. Piezoelectric ceramics have 
the best piezoelectric characteristics in comparison with the composites and polymers [28]. Among 
piezoelectric ceramics, PZT is an important material because of its high Curie temperature and 
excellent energy harvesting potential. It is a well-known fact that piezoelectric harvester generates the 
maximum voltage when it is excited by an external force with frequency close to its natural frequencies 
[14]. Generated power from bimorph piezoelectric harvester at resonance is higher than other 
frequencies even anti-resonance frequency [29]. Hence, in order to scavenge the maximum energy 
from piezoelectric bimorph, a configuration containing PZT material as the piezoelectric layers should 












Fig. 2. Energy harvesting unit comprises of piezoelectric bimorph, resistance load, harvesting circuit 
and capacitor. 
One solution for the energy harvesting circuit to increase the voltage and to convert AC to DC  is so-
called voltage multiplier (VM) or charge pump circuit [30], where a capacitor is charged in one-half of 
the A.C. input and then discharged into the next circuit section during the second half cycle. Within the 
framework of VM, Multistage Villard Voltage Multiplier (MVVM) and Multistage Dickson Charge 
Pump (MDCP) can be used in order to increase the power [31] as have been done by Torah et al. [26] 
and Galchev et al. [32]. In this study, a MDCP circuit is applied in order to amplify the generated 
voltage. The MDCP circuit consists of diodes and capacitors, where the stage of MDCP determines the 
number of diodes and capacitors. In order to obtain the optimum staged of the MDCP, a number of 
different circuits were compared using MATLAB® Simulink. Siemens BAT760 diodes with a forward 
bias voltage of ~100mV and current of 0.1 mA were used due to the low forward voltage drop and 
reverse leak current. For the energy storage, a capacitor with 150 µF was considered in the simulations 
and the voltage of the capacitor is compromised at different MDCPs in order to obtain the optimum 
VM circuit. Fig. 3 shows a 5 stage MDCP circuit with BAT760 diodes and the optimum values for the 
capacitors. The storing output voltage of the capacitors for different MDCP stage circuits and input of 
1.85 V at 49.5 Hz are shown in Fig. 4. As can be seen, the 5 stage MDCP delivers the highest voltage 
output with fast charging time. Therefore, the configuration shown in Fig. 3 is selected as the best 
design for amplifying the output voltage from the piezoelectric harvester and it is used for the further 












Fig. 3. Optimum 5 stage MDCP circuit for use with the designed piezoelectric harvester 
 
Fig. 4. Storing capacitor voltage outputs for an input magnitude of 1.85 V at 49.5 Hz 
2.3. Pulse Condition Monitoring 
The presented method relies on the pulse timing method by the RF transmitter for remote condition 
monitoring. As discussed, the RF transmitter will be enabled by microprocessor to transmit a signal 
whenever the level of energy in the storage device reaches to the defined value. If the machine is 
working under normal conditions, no major changes in energy capacitor charging and, consequently, in 
the RF transmitting processes are expected. Therefore, the pulse timing lies within a band. However, if 
any fault occurs during machine operation, the immediate change in the acceleration affects the energy 
storage charging and, consequently, the pulse timing.  
Fig. 5 shows the process of condition monitoring based on the pulse timing method. In Fig. 5 (a), the 
system performance during the normal operation is shown. On top, a typical acceleration of the system 
is shown. Then, the stored energy is plotted and finally, in the bottom, elapsed time of the pulses are 
shown versus time. It is worth mentioning that plots do not contain specific values since these figures 
are presented for showing the concept of this approach rather than focusing on one specific application. 


































through a voltage-level switch to the circuit. Thus, the energy drops in the stored energy curve. This 
process is before sending any pulses and is only for the start phase. From this moment the 
microprocessor is active and tunes the RF transmitting. After the energy in the storage device reaches 
to an peak value, the microprocessor allows RF transmitter to send the first pulse at time 𝑇′. Sending 
pulses will continue each time after the elapsed time, 𝑇, in the regular operation. In Fig. 5 (b), the 
performance of the system is shown when the fault occurs. The first and second pulses are transmitted 
after 𝑇′ and 𝑇 elapsed times, respectively, just similar to the normal operation. After a specific time, it 
is assumed that a fault occurred in the machine causing increment in the acceleration and, 
consequently, the charging process will be faster. Therefore, the elapsed time reduces from normal 𝑇 to 
a value of 𝑇𝑑 where 𝑇𝑑 < 𝑇. It can be seen that if the fault occurred during one of the charging phases, 
the elapsed time is not equal to 𝑇 nor 𝑇𝑑 as the capacitor has not been charged in none of healthy and 
damage conditions. This charging phase is called transient interval and its elapsed time is denoted with 
𝑇𝑡𝑟, where 𝑇𝑑 < 𝑇𝑡𝑟 < 𝑇. This transition phase is an indicator that machine state is being changed. It is 
worthy to note fast charging of capacitor at abnormal condition.  
 
Fig. 5. Condition monitoring based on pulse timing method 
One important assessment in this method is the statistical analysis of elapsed time as obviously the 
elapsed time of the pulses undergoes minor differences due to the nature of experimental errors. The 
elapsed time between the pulses can be modeled as: 











where 𝜇 is the average of elapsed times in defect-free condition, 𝜏𝑖 is the effect of machine condition 
on the elapsed time, 𝜖𝑖𝑗 are the experimental errors, 𝑁𝑐𝑛𝑑 is the number of conditions considered and 
𝑁𝑒𝑥𝑝 is the maximum number of elapsed time figures obtained experimentally for different conditions 
of the machine. The experimental errors are independent and normally distributed due to randomness 
of experiments, e.g. 𝜖𝑖𝑗 ∼ 𝑁(0, 𝜎𝑖
2), where 𝜎𝑖 is the standard deviation of errors. It is worth mentioning 
that 𝑖 = 1 is the defect-free condition while 𝑖 > 1 corresponds to faulty conditions. Based on these 
definitions, 𝜏1 = 0 while 𝜏𝑖>1 ≠ 0. 
Now, the pulse condition monitoring can be performed as follows: 
Step 1: A set of data from the machine at different working conditions including defect-free state is 
formed and then one should be able to compute the statistical features in Eq. (1), e.g. 𝜇, 𝜏𝑖 and 𝜎𝑖. 
Step 2: After each pulse transmission, the elapsed time, called Τ̂, between the current pulse and 
previous pulse should be computed. 
Step 3: Fault Index (FI) is defined as: 
FI = (?̂? 𝜇⁄ − 1)
2
 (2) 
FI is in the range of 0 to 1, where 0 means the machine is in defect-free condition while 1 means that 
the machine works abnormally. In addition, a considerable change in the FI identifies a change in the 
machine state. This FI has a confident limit (CL) of:  
CL = 1 −
𝒟𝓀
𝜇 + 𝜏𝓀
⁄  (3) 
where 𝒟𝓀 is the distance between elapsed time ?̂? and the average of elapsed time in 𝓀-th machine 
condition. In addition, 𝓀 is the class in which 𝒟𝓀 = |?̂? − (𝜇 + 𝜏𝓀)| is minimum.  By this definition, 
CL is the certainty of FI, which demonstrates assurance of the identified machine condition. The higher 
CL is, the more reliable the machine condition monitored. 
Step 4: In order to detect type of the fault, a state parameter can be defined as 𝒮:  






If 𝒮 is equal to 1, the state of machine is normal, otherwise 𝒮 is the class of defined fault. 
In order to show the performance of this CM method, a situation is considered in which the state of 
a machine changes from “1” to “2” and then to “3”. State “2” has lower elapsed transmission time 
while elapsed transmission time of “3” is higher than “1”. Fig. 6 (a) shows the considered elapsed time 











using Eq. (2) and (4), respectively and graphically shown in Fig. 6 (b). As shown, the FI is close to 0 
until the elapsed time is within the range of “1” state. After the system state changed to “2”,  𝒮 jumped 
to 2 and FI is no longer close to 0. Finally, in the second change of system state to “3”, 𝒮 remains at 3 
and a change in the FI scatter can be observed. Although this is a numerical example of the pulse 
system performance, it shows that in the both cases whether the elapsed time is lower or higher than the 
standard elapsed time, this method can predict state of the machine and the FI value can be an accurate 
indicator of the state. 
 
Fig. 6. An example for pulse condition monitoring, (a) Elapsed transmission time and (b) FI and 
machine state 
3. Modeling of Piezoelectric Energy Harvesting Device 
This work will model the piezoelectric bimorph harvester with electromechanical distributed 
parameter model in which the bimorph harvester is considered as a uniform beam with Euler-Bernoulli 
beam assumptions according to the study by Erturk and Inman [33]. A perfect bonding between 
substructure and piezoelectric layers are considered. Moreover, it is assumed that the piezoelectric 
layers are covered with negligible thickness continuous electrode layers and are connected in series. In 
this study, it is assumed that the base displacement induced from the machine operation is only defined 
by translation and not rotation as the vibration is in translation form. However, if rotation plays an 
important role in base excitation, its effect can be added to the equations but here only translational 
base excitation is considered. 
As shown in Fig. 2, the base acceleration expressed with ?̈?𝐵(𝑡) causes a relative transverse 
deflection of the beam to its base at location 𝑥 and time 𝑡 shown with 𝑤𝑟𝑒𝑙(𝑥, 𝑡). it is of interest to 
define 𝑤𝑟𝑒𝑙(𝑥, 𝑡) with modal expansion such as: 
𝑤𝑟𝑒𝑙(𝑥, 𝑡) = ∑ ϕ𝑖(𝑥)
∞






























































where ϕ𝑖(𝑥) is the beam mode shapes of the 𝑖-th vibration mode and η𝑖(𝑡) is the mechanical 
response in modal coordinates. For the clamped-free boundary conditions, beam mode shapes is given 
by Eq. (6) [34]: 
ϕ𝑖(𝑥) = 𝜒𝑖[𝑐𝑜𝑠ℎ𝜆𝑖𝑥 − 𝑐𝑜𝑠𝜆𝑖𝑥 + 𝛼𝑖(𝑠𝑖𝑛ℎ𝜆𝑖𝑥 − 𝑠𝑖𝑛𝜆𝑖𝑥)] (6) 
where 𝛼𝑖 is a constant given by Eq. (7) and 𝜒𝑖 is a constant for satisfying mass normalization of the 
















With the modal expansion defined and applying the modal orthogonality conditions, the 
electromechanical coupling equations can be expressed with: 
η̈𝑖(𝑡) + 2𝜁𝑖?̂?𝑖η̇𝑖(𝑡) + 𝜔𝑖
2η𝑖(𝑡) + Υ𝑖𝑉𝑃(𝑡) = 𝑓𝑖(𝑡) 
𝐶𝑃?̇?𝑃(𝑡) + (1/𝑅𝑙)𝑉𝑃(𝑡) = ∑ Λ𝑖η̇𝑖(𝑡)
∞
𝑗=1  (8) 
where ?̂?𝑖 is the undamped natural frequency of the beam in short circuit condition expressed with 
Eq. (9), 𝜁𝑖 is the mechanical damping ratio, 𝑓𝑖(𝑡) is the modal mechanical force given by Eq. (10), 𝐶𝑃 is 
the internal capacitance given by Eq. (11) as a function of relative permittivity 𝜀3̅3 and piezoelectric 
layer geometry, Υ𝑖 is the modal electromechanical term defined by Eq. (12) and Λ𝑖 is the modal 
electrical coupling term expressed in Eq. (13): 
?̂?𝑖 = (𝜆𝑖𝑙)





+ 𝑚𝑎𝜙𝑖(𝐿)] (10) 
𝐶𝑃 =
𝜀3̅3𝑏𝐿

























In Eq. (9) 𝜆𝑖 is the characteristic number shown obtained from solving Eq. (14), ?̅?31 is piezoelectric 
constant in 31 mode and 𝜀3̅3 is the permittivity constant. Also, 𝑚
∗ is the unit mass per length and 𝐸𝐼 is 
the bending stiffness given by Eq. (15) [33]. 
1 + cos 𝜆𝑖 cosh 𝜆𝑖 + 𝜆𝑖
𝑚𝑎
𝑚∗𝐿











𝑌𝐼 = 2𝑏 3⁄ [𝑌𝑠
ℎ3
8⁄ + 𝑐1̅1




8⁄ )] (15) 
where 𝑌𝑠 is the Young’s modulus of substrate layer and 𝑐1̅1
𝐸  is the stiffness of piezoelectric material 
at constant electrical field.  
If ?̈?𝐵 is presented with a series of harmonic functions using the Fourier Transform, Eq.(20), then by 
defining the sampled frequency with 𝜔𝑘 =
2𝜋𝑘
𝑁
, the force term becomes 𝑓𝑖(𝑡) = ∑ 𝐹𝑖(𝜔𝑘)𝑒
+j 𝜔𝑘𝑡𝑁−1
𝑘=0 , 








+ 𝑚𝑎𝜙𝑖(𝐿)] (16) 
By this harmonic representation of base excitation and superimpose characteristic for linear systems, 
the resulting complex voltage amplitude is also a series of harmonic functions shown as: 
𝑉𝑃(𝑡) = ∑ ?̅?𝑃(𝜔𝑘)
𝑁−1
𝑘=0 𝑒
+𝑗 𝜔𝑘𝑡 (17) 
where ?̅?𝑃(𝜔) is the magnitude of output voltage corresponding to each frequency. By substituting 























+𝑗 𝜔𝑘𝑡 (18) 
Using the calculated voltage from Eq. (18), the magnitude of output power from piezoelectric 





4. Experimental procedure and primarily signal processing 
For the tests, a centrifugal pump with five vanes connected to an electromotor was equipped with an 
accelerometer type VMI-102, as shown in Fig. 7. Vibration signals in time-domain were directly 
measured from the water pump working under different conditions at a constant rotation speed of 2970 
rpm. The accelerometer has a sensitivity of 100 mV/g and a resonant frequency of 30 kHz, was 











Fig. 7. The water pump connected to the accelerometer 
The accelerometer was connected to the signal conditioning unit (X-Viber FFT analyzer), where the 
signal goes through a charge amplifier. The software SpectraPro-4, which accompanies with the signal 
conditioning unit, was used for recording the signals directly in the computer. The vibration signal for 
each pump condition was acquired with an 8192-Hz sampling frequency at a duration of 100 s. Each 
vibration signal was segmented into 50 smaller vibration signals called data samples. Therefore, each 
data sample included a 2-s vibration signal with 16,384 data points. Each data sample was then 
transferred into frequency-domain by FFT method. 
Acceleration data in time domain from water pump in healthy, shaft misalignment and shaft 
looseness conditions are shown in Fig. 8. A rough look into these signals reveals that the amplitude of 
the acceleration is different when water pump is working in faulty conditions. Shaft looseness and 
misalignment enhanced the acceleration sensed by the sensor, from a maximum of 8.11 ms-2 in defect-
free condition to 13.00 ms-2 and 27.44 ms-2, respectively. It can also note that not only the maximum 
acceleration was increased by the faults, the dispersion of the data increased from 𝜎 = 2.51 𝑚. 𝑠−2 in 
defect-free condition to 𝜎 = 7.47 𝑚. 𝑠−2 for shaft misalignment and 𝜎 = 3.72 𝑚. 𝑠−2for shaft 












Fig. 8. Time signals of the water pump in defect-free, shaft looseness and shaft misalignment 
conditions 
In this work, a primary signal processing using the Fourier Transform is performed for two reasons. 
Firstly, frequency matching between fundamental frequency of the harvester and vibration source is 
essential for designing the harvester. Second, in order to demonstrate which frequency from the 
vibration source is more sensitive to the faults, amplitude of the Fourier Transform coefficients at 
dominant frequencies was compared. Since each acceleration signal is a finite sequence of the data, 
Discrete Fourier Transform (DFT) was applied. If ?̈?(𝑡) is the acceleration data which is defined at 𝑁 
time sequences, DFT Ä(𝜔) and inverse of DFT ?̈?(𝑘) are defined by Eq. (19) and Eq. (20), respectively 
[35]: 













Note that Ä(𝜔) is complex while ?̈?(𝑘) is real. From the inverse DFT and Euler formula for complex 
















+ 𝐴𝑟𝑔{Ä(𝜔)}) (21) 
Fast Fourier Transform (FFT) is a fast numerical method to apply DFT on signals [35]. FFT of 











and are shown in Fig. 9. To carefully consider frequencies of interest and for better view, a detailed 
view of FFT signals in 0-500 Hz range is plotted in dB scale. Working under normal condition, the 
water pump response has dominant frequencies of 49.5 Hz, 100.0 Hz, 148.0 Hz, 197.5 Hz, etc. These 
frequencies are the 1X, 2X, 3X, and 4X frequencies of the water pump. When water pump is working 
under faulty conditions, either shaft looseness or misalignment faults, dominant frequencies experience 














Fig. 9. Fast Fourier Transform (FFT) of time signals from water pump at different conditions with 
focus on 0-500 Hz range (a) defect-free, (b) shaft misalignment, and (c) shaft looseness conditions 
By applying Eq. (21) on the FFT signals, contribution of the eight dominant frequencies in the pump 
acceleration signals at different working conditions is shown in Fig. 10. Unlike the resonant 
frequencies which slightly changed, the contribution of the frequencies in the acceleration signals 
varied considerably for different conditions. The contribution of 1X frequency 49.5 Hz in the shaft 
misalignment and looseness conditions are 1.04 and 1.49 m.s-2, respectively, which are considerably 







































































higher in defected conditions. For instance, contribution of 2X frequency in shaft misalignment is less 
than the value for the defect-free and shaft looseness conditions. 
 
 
Fig. 10. Contribution of the eight dominant frequencies of the water pump acceleration at different 
working conditions 
5. Condition Monitoring Results and Discussion 
For presenting the condition monitoring results for the water pump based on the designed system in 
section 2, the acceleration data from the experiments, presented in section 4, is used as the base 
excitation for piezoelectric beam. The piezoelectric beam is connected to the outer case of the water 
pump with a solid plate, so the piezoelectric beam will be excited from the clamped end with 
acceleration signal measured experimentally. Fig. 11 shows a schematic of energy harvester attached to 
the water pump. Afterwards, output power are estimated analytically by using the distributed beam 
model with the measured base excitation signal at different pump conditions. Lastly, the state of the 
water pump is monitored by applying the pulse-timing based method. Piezoelectric beam optimization 
is performed with COMSOL®. All other numerical simulations, including the output power estimation, 








































Fig. 11. A schematic of possible assembling of the proposed system into outer case of the water pump 
Piezoelectric bimorph generates the maximum power when vibrates at its resonance. Since the 
power generation has a square factor of magnitude of the excitation acceleration [36], it is preferable 
that this frequency has a high mode contribution. Furthermore, in order to satisfy the criteria for 
condition monitoring, the contribution of this frequency should vary noticeably with respect to water 
pump condition. Thus, optimal design of the piezoelectric harvester has a fundamental frequency close 
to one of the dominant frequencies in the water pump acceleration signals. By considering these 
guidelines and analyzing Fig. 10, the 1X frequency is selected as the fundamental frequency of the 
piezoelectric harvester since the contribution of the frequency 49.5 Hz is high at every working 
condition and is, moreover, sensitive to the pump working conditions. 
Maximum power from piezoelectric harvester is obtained when optimum load resistance is 
connected and the harvester natural frequency matches to excitation frequency. In this research, with 
the bimorph topology shown in Fig. 2 and PZT-5A as selected piezoelectric material, the optimization 
process for frequency matching was proceeded. Afterwards, using analytical modeling approach in 
section 3, optimum load resistance was selected. Piezoelectric harvesters are available in different 
geometries and therefore the optimization can be performed for any combination of these geometric 
parameters, such as length or thickness. In order to narrow down optimization factors, a commercial 
piezoelectric harvester with low natural frequency from Piezo Systems Inc. (T226-A4-503X) was 
selected and then by tuning the added mass, frequency matching was performed to match the 
fundamental natural frequency of the harvester to 49.5 Hz from the water pump acceleration. This 
piezoelectric sample have been previously used for energy harvesting by [33], [37]. The bimorph 











series connection between the piezoelectric elements. Geometric and material properties of this 
samples is presented in Table 1. 
Table 1. Material properties of bimorph piezoelectric energy harvester (T226-A4-503X) 
Properties Values 
Piezoelectric stiffness at constant field, 𝑐11
𝐸 , GPa 66.0 
Piezoelectric density, 𝜌𝑝, kg/m
3 7750 
Electromechanical coupling coefficient, 𝑒31, C/m
2 -14 
Piezoelectric layer thickness (each), 𝑡, mm 0.26 
Piezoelectric permittivity constant, 𝜀3̅3, F/m 1800×𝜀0 
Substrate Young’s modulus, 𝑌𝑠, GPa 105 
Substrate thickness, ℎ, mm 0.14 
Substrate density, kg/m3 9000 
Device length (active length as clamped), 𝐿, mm 55 
Device width, 𝑏, mm 31.8 
To optimize the energy harvester, an objective function is defined as the square of difference 
between the fundamental natural frequency of the harvester, which is a function of added mass, and 
frequency of 49.5 Hz as the excitation frequency from the water pump. The objective function shown 
by Eq. (22) is employed to find the value of 𝑚𝑎 by minimizing the objective function. 
Γ(𝑚𝑎) = (?̂?1(𝑚𝑎) − 49.5)
2 (22) 
Fig. 12 (a), (b) and (c) show the error versus iteration number, objective function and the variation 
of the harvester first natural frequency with respect to the added mass, respectively. Objective function 
in Fig. 12 (b) shows that, with an added mass of 7.3≤ ma ≤8.5 g, the objective function is less than 2.5, 
which is equal to 3% error. As can be seen from Fig. 12 (c), with an added mass of 8 g, the 
fundamental natural frequency of the harvester matches to 49.5 Hz. For structural steel with the density 
of 7850 kg/m3 for the added mass, 8 g will be equal to a solid block with 4×31.8×8 mm dimensions. 
Hence, the volume of the energy harvester, including the piezoelectric sheets, substrate layer and tip 
added mass, are 2.15 cm3. The added mass block can be connected to the piezoelectric sheet with an 
adhesive connection by an epoxy. For stronger connection, it is recommend to cut a groove in the 
added mass in order to insert the sheet and fill the gap with the epoxy. Fig. 13 shows added mass 










   
Fig. 12. (a) Convergence history of optimization, (b) objective function (c) the effect of added mass on 
the harvester fundamental natural frequency 
 
Fig. 13. Detail view of harvester beam with dimensions of the added mass and its connection to the 
piezoelectric sheet 
An analytical modal analysis was performed for this designed bimorph configuration with 8 g added 
mass and the results are shown in Fig. 14. It can be seen that the first natural frequency of the beam is 
49.5 Hz. Moreover Fig. 14 shows that, the other natural frequencies do not match with the operational 
working frequencies of the water pump. Hence, the contribution of other working frequencies, e.g. 2X, 




























































Fig. 14. The first three bending modes for the optimum bimorph harvester 
The next step in the design of piezoelectric harvester is selection of load resistance 𝑅𝑙 in order to 
obtain the maximum power. The output voltage and power, considering a unit excitation magnitude of 
1 𝑚/𝑠2 using Eq. (18), are plotted in Fig. 15 (a) and (b), respectively, for different resistance loads. As 
shown, by increasing 𝑅𝑙, the voltage continuously increases while the output power decreases when the 
applied load resistance is higher than the optimal resistance. In addition, resonance frequency is slightly 
changed by increasing the load resistance due to the back piezoelectric effects. To find the optimum 𝑅𝑙, 
output power curves at resonance and at 49.5 Hz are shown versus the load resistance in Fig. 15 (c). 
Since the resonant frequency experiences a small change due to increment of the load resistance, the 
power plots separate after a specific load resistance. The resonant output power is higher than the 
power at 49.5 Hz, but power at 49.5 Hz is of interest because of the dominant frequency of the water 














Fig. 15. (a) Voltage and (b) power for different resistance loads versus frequency (c) power for 
resistance loads at resonance 
If the designed harvester is attached on the accelerometer location, as shown in Fig. 11, the 
measured vibration shown in Fig. 8 can be applied as the base excitation for the harvester. Acceleration 
in theory is a summation of indefinite number of harmonic functions. In practice, the acceleration 
signal can be decomposed into a series of defined harmonic functions, as shown in section 4, where the 
FFT is employed for decomposing the signal into harmonic functions. However, since piezoelectric 
energy harvesters generate the maximum power at its resonant frequency and the designed harvester 
has a natural frequency of 49.5 Hz, the significant harmonic in the water pump acceleration is the main 
dominant frequency, e.g. 1X=49.5 Hz. According to Fig. 10, the magnitudes of 1X harmonic in the 
water pump acceleration are 0.49, 1.04 and 1.49 m.s-2 in defect-free, looseness conditions and shaft 
misalignment, respectively. Using these figures as the input acceleration, one can calculate output 
voltage and power for the optimum load resistance. Fig. 16 (a) and (b) show the output voltage and 
power from one bimorph harvester over a frequency range. As stated, the important figure for the 
output voltage and power is that of frequency 49.5 Hz, which is plotted for different water pump 
conditions. The output peak-to-peak voltages from the water pump acceleration at the optimum load 























































































Output Power at 49.5 Hz
Rl = 57100 W












respectively. The corresponding powers are 76.84, 343.12 and 710.45 µW, respectively. If the power 
density per device volume is divided into square of the input acceleration, power density per square 
acceleration is 30.8 mW/cm3.g2 in all operating conditions. The results does not depend to the input 
acceleration and is only a function of geometries of the piezoelectric harvester and its material. The 
voltage and power densities per device volume for different working conditions are shown in Fig. 16 
(c). The power density values are equal to 35.7, 160.99 and 330.4 µW/cm3 for defect-free, shaft 
looseness and misalignment, respectively. Therefore, the power density is increased by 350% and 
824% due to presence of the shaft looseness and shaft misalignment, respectively. This high variation 




Fig. 16. (a) Voltage, (b) power from water pump acceleration versus frequency and (c) voltage and 
power densities from the water pump acceleration at 49.5 Hz 
Using the optimum VM configuration with 150 µF capacitor, the stored energy in the capacitor from 
the water pump vibration was calculated. Since the pump acceleration is different at different working 
conditions, the generated voltage and, hence, the stored energy in the super capacitor are not similar. 
Fig. 17 shows voltage in the storage capacitor for various water pump conditions. As expected, the 
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voltage is distinctively higher in both shaft misalignment and looseness than the voltage in defect-free 
condition. Moreover, the capacitor voltage is significantly higher for the shaft misalignment compared 
to the looseness condition. 
 
Fig. 17. Voltage outputs in the capacitor from the piezoelectric harvester at different pump conditions 
The performance of this designed system is moreover investigated for condition monitoring 
application. It is worthy to note the microprocessor consumes 28.05 µW (8.5 µA and 3.3 V). By 
considering the capacitor constant, e.g. 150 µF, a voltage drop occurs in the capacitor during operation 
of the microprocessor. Hence, a voltage level switch is considered that enables the microprocessor after 
4.0 V to ensure the continuous operation of the microcontroller. As advantage of this level switch, 
Torah et al. [26] noticed the cold start problem during experiments, where PIC microcontroller drew 
significant power as the voltage reached to a specific value. This level switch addresses the cold start 
problem. After the microprocessor starts operating, the microprocessor enables the RF transmitter for a 
period of time when the voltage reaches to a specific figure. During the transmission, the RF 
transmitter consumes 7 mA current. For this simulation, the PIC microcontroller enables the RF 
transmitter when the storage capacitor reaches to 7 V for a duration of 0.02 s. By considering the 
voltage equation across the capacitor with C= 150 µF, the voltage drop during the transmission time is 
calculated as 0.93 V. After the transmission period, the storage capacitor is charged by the piezoelectric 
harvester. Nevertheless, the charging time to reach 8 V depends on the voltage generation by the 
piezoelectric, which is different for different pump working conditions. The storage capacitor voltage 
during the full operation from the initial conditions are shown in Fig. 18. In this work, to include 







































due to less pump acceleration during the defect-free condition, the charging process is slower than the 
other conditions; so that the first RF transmission  occurred at 1.18 s. On the other hand, the water 
pump acceleration is higher for the defected conditions. Therefore, the first transmission time and the 
time intervals between the transmissions are significantly lower compared to the defect-free condition. 
 
Fig. 18. Voltage output from storing capacitor during full operation for different water pump conditions 
The elapsed times between the RF transmissions are shown in Fig. 19 for different water pump 
conditions. While the first transmission for the defect-free occurs at 1.18 s, it happens after 277 and 177 
ms for shaft looseness and misalignment conditions, respectively. More important than the first 
transmission is the time between the transmissions as it is directly proportional to the charging process 
which is linked to the water pump acceleration. The elapsed time values between the transmissions are 
350, 39 and 25 ms for the defect-free, shaft looseness and shaft misalignment conditions, respectively. 
Therefore, if the water pump condition changes from the defect-free to one of these faults, the elapsed 
time between the transmissions decreases immediately.  
  






















































To analysis the elapsed time data from Fig. 19, the parameters in Eq. (1) are obtained as 𝜇 = 0.350, 
𝜏0 = 0, 𝜏1 = −0.311, 𝜏2 = −0.326, 𝜎1 = 1.63𝐸 − 2, 𝜎2 = 1.39𝐸 − 3 and 𝜎3 = 9.98𝐸 − 4. Since a 
statistical model for the elapsed time for the different operating conditions was obtained, the state of 
water pump was conditioned by calculating the FI and 𝒮 using Eq. (2) and (4). 
In order to demonstrate possibility of the procedure, one case is considered in which the state of the 
water pump changes from the defect-free to the shaft misalignment in a duration of 20 s. Fig. 19 (a) 
shows the reconstructed time signals. Here a 5% random noise is added to the data in order to test the 
performance of the system in case of noisy environment. For 2-second interval, the FFT is applied on 
the signals and the contribution of 1X=49.5 Hz in the signal is extracted. This mode contribution is 
within the range of 0.50 m/s-2 in the defect-free condition to 1.53 m/s-2 in the shaft misalignment 
condition. The 1X contribution is fed into the bimorph piezoelectric model, Eq. (18), with the 
calculated optimum load resistance of (𝑅𝑙)𝑜𝑝𝑡=44600 Ω. Range of the piezoelectric voltage output is 
from 1.9 V in the defect-free to 5.8 V in the shaft-misalignment conditions. Moreover, the voltage 
generation from the bimorph is considered as the input for the optimum MDCP circuit and the voltage 
outputs are obtained using simulation. The final voltage in the storage capacitor ranges from 9.0 V to 
28.3 V for the defect-free and shaft misalignment conditions, respectively. Fig. 19 (b) shows the 1X 
mode contribution, piezoelectric voltage and MDVM voltage output over ten 2-second period intervals. 
According to the immediate capacitor voltage, the elapsed time between the transmissions are 
calculated upon which the FI, CL and machine state 𝒮 are obtained through Eq. (2) to (4), respectively. 
Fig. 19 (c) shows the FI of the water pump and the CL for this index over 20 s period. As shown for a 
duration of 8 s, from 1st to 4th 2-second intervals, the FI lies closely on 0 value. However, once the 
machine condition changes to the transition operation and the acceleration increases, the FI tends to rise 
from 0. The FI further increases until reaches to a symptom value for the shaft misalignment condition. 
The CL, which is an accuracy indicator for the condition monitoring process, is always close to 1 
except for transition period which is dramatically less than the other values. Consequently, the machine 
state 𝒮 is shown in Fig. 19 (d) with elapsed time over this 20 s time period. It can be seen that, the state 
of the water pump is correctly identified as “3” state through the faulty operation, which corresponds to 
the shaft misalignment. However, during the transition period, the system identified “2” for the 
machine state which is not correct. By considering the CL values for transition period, one can avoid 













Fig. 20. The process of condition monitoring for a simulated case from reconstructed signals of the 
water pump. (a) Time signals, (b) 1X mode contribution from FFT and voltage output from harvesting 
unit, (c) FI and CL and (d) Water pump state and elapsed times between transmissions 
 
6. Conclusions 
In this study, a self-powered condition monitoring system is designed to perform operational 
condition monitoring based on the RF transmission pulses. After design of the system, an energy 
harvesting unit is proposed to provide sufficient energy and voltage level for this system. This energy 































































































































study, input acceleration, which is a signal consisting of harmonics from a frequency range, is 
decomposed into a series of harmonic function using FFT. A distributed parameter model of 
piezoelectric harvester was used to estimate the output voltage. For the machine condition monitoring, 
a pulse-based approach has been proposed relying on the analysis of elapsed times between the RF 
transmission pulses. The performance of this system has been demonstrated for condition monitoring of 
a water pump. The designed system has been applied on experimental vibration signals captured from 
the water pump and shown that the water pump condition can be monitored during the operation. This 
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